Recent advances in molecular biology have had a major impact on our understanding of the biophysical and molecular properties of ion channels. This review is focused on cardiac potassium channels which, in general, serve to control and limit cardiac excitability.
Introduction
The upstroke of the action potential -caused by inward sodium current -is followed by a partial early repolariza-1 Cardiac K -selective currents carry outward currents in tion caused by outward potassium flux through rapidly 1 the physiological range of potentials. Therefore, they act activating and inactivating K channels. The extent of this 1 either to set the resting potential near the K equilibrium early repolarization (notch) affects the time course of the potential or to repolarize the action potential. The long other voltage-gated currents and, therefore, controls induration of the cardiac action potential is necessary to directly the action potential duration (APD). The plateau control contraction and to prevent premature excitation.
phase depends on a delicate balance of inward (depolarizThis waveform is the net result of a finely tuned coordiing) and outward (repolarizing) currents. The depolarizing 21 nated action of multiple ionic conductances that activate force is mainly a Ca influx which slowly declines as 21 and inactivate on different time scales (Fig. 1) ; potassium L-type Ca channels inactivate, but also non-inactivating several voltage-gated potassium channels. The sequential address (1) the molecular structure and function of poreactivation of distinct channels over different time frames forming a-subunits and accessory b-subunits, (2) the 1 represents a system with built-in redundancy to control and molecular architecture of the native cardiac K currents in ensure the repolarization of the cell. Several other conductterms of these subunits, and (3) some factors underlying ances maintain or modulate the resting potential, most of heterogeneity in expression.
1 which are inwardly rectifying K channels which carry (almost) no current during the plateau phase. 1 1 Separation of these K currents was not trivial and 2. Molecular structure and function of cloned K relied in part on distinct physiological and pharmacological channel subunits 1 properties. The molecular cloning of K channel subunits raised initially the hope of rapidly establishing the molecuIon channels are membrane-spanning proteins with three lar nature of the various currents. However, progress over essential functional properties: (1) a central tunnel or pore the past decade has revealed an impressive molecular through which ions flow down their electrochemical 1 diversity in K channel subunits (more than 60 cloned to gradient, (2) a selectivity filter that dictates which ion(s) date). These new tools have led to an increased appreciaare allowed to cross the pore, and (3) a gating structure tion of the complex heterogeneity of expression of cardiac that controls switching between open and closed conforma-1 K currents and underlying subunits (e.g. regional, detions and thus determines whether permeation occurs (for velopmental and pathological heterogeneity). The potenreview see Hille, [1] ). These proteins are more efficient tially heteromeric assembly of multiple a-and / or accesthan enzymes since a single conformational change allows 8 sory b-subunits has presented a considerable challenge to permeation of up to 10 ions / s. Ion channels may be gated establish the molecular architecture of channels identified by electrical, chemical or mechanical forces which are in native myocytes. This is an important problem since detected by a sensor that is linked to the access gate. The these channels represent a major molecular target for class behavior of ion channel can be modified by intracellular III agents (antiarrhythmic drugs that act by prolonging processes, toxins or drugs; the latter makes them potential APD). Correct identification of the molecular architecture molecular targets for therapeutic drugs. The molecular should help in drug development in the face of the cloning of channel subunits over the past decade has emerging molecular view of drug binding and the recent demonstrated a large number of genes with a remarkably 1 crystallization of a K -channel. In this review we will preserved basic blueprint. opens the pore has not been fully established. However, spanning segments (S1-S6, Fig. 2) , and the amino-and several residues in S6 are inaccessible in the closed state, carboxy-terminal ends are located intracellularly. Assembut become accessible upon depolarization which may bly of four a-subunits into a tetrameric structure is needed indicate that this pore-lining segment also contributes to enter a non-conducting state during maintained depolarizaThe following sections summarize mutagenesis studies tion. At least two types of inactivation have been identified from many laboratories that resulted in the identification of (N-and C-type) which are associated with distinct molecuthe molecular domains involved in specific channel funclar domains. The N-terminus is involved in the fast 'ball 1 tions as postulated from classical biophysics. and chain' (N-type) inactivation [12] of Shaker K channels: once the channel has opened, this N-terminal domain moves into the internal mouth and occludes the 2.1.2. Conduction pathway and selectivity filter pathway (Fig. 2) . After removal of this region, inactivation The ion conduction pathway consists of a sequence of can be restored by the corresponding synthetic peptide, and approximately 20 amino acids (P-region) between the S5 an NMR structure of this domain has been obtained [11] . and S6 segments, with contributions of S6 and the S4-S5
The second inactivation mechanism (C-type inactivation) linker (Fig. 2) . The subunits are oriented such that the is modified by mutations in the S6 and P regions [13] . This S5-P-S6 sections face each other creating the central inactivation process is usually slow and incomplete, exists pore. Consistent with the functional view, mutagenesis has 1 in almost all K channels and may reflect a slow constricrevealed that the selectivity filter forms an essential part of tion of the pore [14] . the overall permeation pathway. The narrow P-region 1 dictates the K selectivity: its amino acid sequence motif 1 (TxTTx)GYG is now considered the K -selectivity signa-2.1.5. Subunit interactions and assembly domains ture motif (for review see [5] ). The extracellular access to 1 The explosive growth of K channel subfamilies and the pore consists of the exposed part of the P-loop and genes raised the problem of an almost unlimited number of adjacent residues between S5 and S6 and forms the potential tetrameric subunit assemblies. However, each binding site for many toxins. The intracellular sections of subunit appears to contain 'identity tags' that mediate S5 and S6 presumably line a wider internal mouth of the subunit-subunit interactions and restrict coassembly. channel: the S4-S5 linker forms (part of) the receptor for Highly conserved domains immediately preceding the S1 the inactivation 'ball', and mutations in S6 affect propsegment are involved in subunit assembly for the Kv1 erties of the open pore such as single channel conductance through Kv4 subfamilies (Fig. 2) . These domains (called and block by internal TEA or antiarrhythmic drugs such as T-or Nab-domain) prevent heteromeric assembly of quinidine [6, 7] . quence GYG from the Shaker K channels is remarkably subunits that each have two transmembrane a-helices and preserved in the P-loop of the Kir subunits. The striking an intervening P-domain (Fig. 3) . The subunits create an degree of conservation of the overall ion conducting part inverted cone (teepee), in which the a-helices resemble the (S5-P-S6) of Shaker channels and the M1-P-M2 section poles of the teepee. The selectivity filter fills the wider of the Kir channels suggests that the voltage-gated chanbase on the extracellular face. The overall length of then els evolved from the simpler Kir structure by incorporatpore is 45 A. It starts from the inside with a tunnel (18 Åi ng additional domains needed to acquire voltage sensing long, |6 A wide) which opens into a 10 A wide cavitẙ and gating (e.g. S4).
followed by the narrow selectivity filter (12 A). Part of the We will designate the six-transmembrane Shaker chan-P-segment is a-helical; these four helices point their nels with a single pore domain as 6Tm-1P, and the Kir electronegative carboxyl end toward the central cavity subunits as 2Tm-1P. Recently, additional variants on these which helps stabilizing the potassium ions. The selectivity basic themes have been recognized: subunits with tandem filter is lined by the carbonyl oxygen atoms of the GYG M1-P-M2 domains (4Tm-2P), e.g. TWIK [19] and signature sequence. The tyrosine (Y) points away from the Shaker-like subunits with a second pore domain (8Tm-pore and interacts with other conserved aromatic residues 1 2P), e.g. TOK1 [20] . Interestingly, the GYG K -selectiviof the pore helices. Thus a fairly rigid donut of 12 ty motif is preserved in the first pore domain of most interlocking aromatic amino acids is formed around the 4Tm-2P subunits, but replaced by GFG or GLG in the selectivity filter that holds the GYG backbone at the second pore. Thus, the fourfold symmetry of homomeric optimal distance from the center to achieve potassium Kv and Kir channels is reduced to a twofold symmetry in selectivity: the four backbones form a pore with the the channels with tandem pore subunits.
carbonyl oxygens at the proper distance to compensate for The molecular biology of K channels indicates that the energetically the Na ions. Interestingly, the inner tunnel Downloaded from is largely coated with hydrophobic side chains, which e.g. Kva9.1 / 9.2 specifically modulates Kva2.1 / 2.2 curexplains why binding of open channels blockers such as rents [33] . TEA (derivatives) or quinidine are stabilized by hydrophobic interactions [6, 7] . The structure also underscores the non-linearity of the transmembrane electrical field:
3. Molecular architecture of native cardiac currents When these open channel blockers enter the pore from the cellular side, they get 'stuck' in the central cavity (.50% 3.1. Criteria for assigning cloned channel subunits to of the physical distance) but traverse only 15-20% of the endogenous cardiac currents voltage difference; the remaining 80% of the transmembrane drops over the 12 A selectivity filter. The overall Since many cDNAs have been cloned from mammalian 1 structure of the pore of voltage-gated K channels is heart, the challenge is to establish in which cells these generally expected to be similar, given the impressive proteins are expressed. Aside from those clones that are evolutionary conservation of the 2Tm-1P structure, alpositively implicated in the congenital LQT syndrome, this though differences are to be expected given the conserved is not a trivial problem. Most cDNAs were cloned from proline residues in the S6 helix of Kv channels.
tissue samples that include cells other than myocytes. Thus the crude assignment from whole tissue RNA, or the mere resemblance between some properties of a cloned channel 1 2.4. Potassium channel b-subunits with a native current is insufficient to assign a cloned K channel subunit to a specific endogenous current. FurtherHeterologous expression of the pore-forming a-subunits more, a native inactivating current could result from 1 discussed above is sufficient to generate functional K heteromeric assembly of delayed rectifier and inactivating channels. However, an expanding family of function-altera-subunits or from the association of a delayed rectifier a ing b-subunits has been identified. The first b-subunits for subunit with an inactivating b-subunit. Kv channels (Kvb1.1 and Kvb2.1) belonged to a family of To test the hypothesis that a specific clone encodes the cytoplasmic subunits that encode proteins of 360-400 channel responsible for a specific myocyte current, the amino acids [3, 22] with |85% homology between the following criteria should be evaluated [3] . |330 C-terminal residues. The molecular and functional
(1) The basic biophysical properties (kinetics and their differences are due to the distinct N-terminal segments: the voltage-dependence, conductance, rectification, ion selec-N-terminal sequence of Kvb1.1 inactivates the delayed tivity) should be in reasonable agreement. rectifier Kv1.1 with a ball-and-chain mechanism, similar to (2) The pharmacology of compounds known to interact N-type inactivation in Kva subunits (Fig. 2) . Several directly with the channel pore, e.g. dendrotoxin, splice variants of the Kvb1.1 isoform have been cloned charybdotoxin, TEA, and quinidine, should be similar. from heart [3, [23] [24] [25] [26] . They all induce inactivation in (3) Immunohistochemistry with isoform-specific antidelayed rectifier channels, and display 100% identity with bodies made against the cloned subunits should confirm Kvb1.1 in the C-terminal section, but ,25% identity in the that the channel protein is present in the cardiac myocytes. inactivating N-terminus. The Kvb2.1 subunit does not (4) Affinity-purification from native tissue should coninduce fast inactivation but induces more subtle kinetic firm the protein composition of the native channel in terms changes [27] . It is possible that Kvb subunits also moduof accessory subunits and heterotetramer formation. late functional expression and several groups are addres-(5) Deletion of the cloned channel using in vitro antising the molecular nature of the interaction between the sense approaches or in vivo suppression should further Kva and Kvb subunits [28, 29] .
confirm the identity of the current that this gene supports. The subunits of Kvb1-Kvb3 families associate with (6) Refined versions of these techniques should be used 1 Kv1 a-subunits, while Kvb4 associates with Kv2 family to identify the exact splice variant(s) of relevant K 1 member(s) [30] . Additional K channel associated proteins channel subunits involved in the native channel.
1 are being identified, e.g. KChAP which may act as a Among the more than 12 cardiac K currents (Fig. 1) , chaperone [31] .
two types of voltage-gated channels play a major role in Other b-subunits are transmembrane proteins, e.g. the determining repolarization: transient outward (I ) and protein contains a single membrane-spanning segment that several components [34, 35] . The rapidly activating current interacts with specific a-subunits as discussed below.
(I ) displays inward rectification and is sensitive to block Kr 31 Finally, some 6Tm-1P Kva subunits do not sustain by La , flecainide, E-4031 and other methanesulfunctional current when they form a homotetrameric fonanilides, while the slowly activating component (I ) is Ks channel, but they modify (in a heterotetrameric assembly) insensitive to these drugs. A time-independent (back- Downloaded from (I ), has been described in several species including levels in rat, canine and human hearts [38, 39] The mRNA for Kv1.5 is expressed in the earliest stages unlikely that Kv1.4 plays a major role in (rat) I . In the of the rat embryonic cardiac development and it is TO endocardium of human heart, a small I component with abundantly present in adult human atrium [3, 54] . hKv1.5 is TO 1 slow recovery kinetics has been described which could an outwardly rectifying and highly selective K channel correspond to Kv1.4 [42] .
with a rapid and sigmoidal time course of activation (time In contrast, several lines of evidence suggest that Kv4.x constants ,2 ms at 160 mV) [55] . The voltage range for subunits underlie the molecular architecture of cardiac I activation (midpoint at 214 mV) indicates that this TO (Fig. 4) . Most functional and pharmacological properties channel would be active in the plateau range of the cardiac of Kv4.2 and Kv4.3 [39, 40, 43] correspond to those of I action potential. Like many delayed rectifiers, hKv1.5 TO recorded in rat and human myocytes, including sensitivity displays slow and partial inactivation (Fig. 4) [37] suggests that this channel may be present in human atrium as a homotetrameric channel. The native current has the same pharmacological profile as Kv1.5 : sensitive to quinidine and 4-AP and resistant to TEA and DTX [37, 45] . Furthermore, the Kv1.5 protein has been detected in human atrial and ventricular tissue [58] , and Kv1.5-specific anti-sense oligonucleotides suppress the native I current Kur in atrial cells [59] . The immunolocalization of the Kv1.5 protein in human and rat heart has revealed that the protein is indeed expressed in the myocytes [58] . Interestingly, the channel is not evenly distributed over the myocyte surface acids ETDL might constitute a PDZ binding motif, which
Brief hyperpolarization allows for recovery from inactivation; the rapidly declining current during the third pulse reveals the rate and extent would provide two mechanisms for channel clustering (.80%) of fast inactivation at positive potentials.
[60]. [62] . The current encoded by HERG The molecular basis of this current has been controversial (Fig. 5 ) displays indeed the major functional and pharmaover the past decade. Initially it was suggested that this cological properties of I [63] [64] [65] [66] [67] . Detailed kinetic studies current was created by minK (for review see [75] ). This Kr of HERG gating revealed that the inward rectification is gene encodes a protein that contains only 130 amino acids due to fast inactivation [65, [68] [69] [70] (Fig. 5 ) as originally and a single membrane-spanning domain with an extracelproposed for I by Shibasaki [71] . However, compared to lular N-terminus. MinK mRNA has been found in mouse Kr native I the expressed current has slower kinetics and and neonatal rat heart, and the protein has been detected Kr block by methanesulfonanilide drugs is less reversible immunohistochemically in guinea pig ventricular Therefore, the initial clone (now called HERG1) is probamyocytes. bly not the major subunit underlying cardiac I . Indeed, Expression of minK protein in oocytes resulted in a Kr 1 new members of the erg K channel gene family have current that resembled the slow delayed rectifier I .
Ks been cloned but may not exist in heart (erg2, erg3) [72] . Altered ionic selectivity and regulation of the expressed More importantly, the genomic structure of erg displays at minK current after mutagenesis of the transmembrane least 15 exons, and several splice variants of (h)erg1 have segment and the PKC consensus site seemed to support the been identified in human and mouse heart [73, 74] . The idea that minK encoded a channel [76, 77] , but other 1 erg1b isoform has a distinctively short N-terminus and the studies suggested that minK activates both endogenous K 2 kinetics of the expressed current (alone or with erg1) more and Cl currents in the Xenopus oocytes [78] . closely resemble cardiac I .
Positional cloning identified a novel 6Tm-1P subunit Kr Interestingly, C-terminal truncated subunits do not form responsible for the chromosome 11 associated form of the functional HERG channels [16, 69] and a C-terminal splice congenital LQT syndrome: KvLQT1. However, the exvariant in exon 10 (HERG ) is non-functional when pressed KvLQT1 current displayed a delayed rectifier USO expressed by itself, but modifies HERG1 current if coexphenotype unlike any current previously identified in by guest on November 8, 2016
Downloaded from cardiac preparations, which was surprising since mutations tion of muscarinic receptors. This reduces the hyperpolariin KvLQT1 cause the LQT syndrome [79, 80] . Both zation activated cation current (I ) in pacemaking tissue,
Sanguinetti and Barhanin showed that coexpression of and opens muscarinic K channels (K ) in the sinoatrial ACh 1 KvLQT1 and minK yielded a current that corresponds to node and atrium. The latter is an inwardly rectifying K the native slow I component (Fig. 4) [79, 80] . Thus, the channel coupled directly to a G protein. A cDNA for a Ks 1 minK controversy was ended by their demonstration that G-protein-coupled inwardly rectifying K channel was minK acts as b-subunit that alters the intrinsic gating of isolated from rat heart and designated GIRK1 [2]. In the KvLQT1; the minK current in oocytes was due to inadverKir nomenclature, GIRK1 corresponds to Kir3.1. However, tent association with an endogenous Xenopus XKvLQT1 significant functional discrepancies between the subunit. MinK may also interact with HERG (and possibly homomeric Kir3.1 current and the native current, and the 1 other) K -channel subunits [81] . The molecular mechadiscovery that a second protein consistently co-purified, nism by which minK modifies the gating and pharmaled to the identification of another 2Tm-1P (Kir) subunit: cology of KvLQT1 remains to be elucidated.
GIRK4 or Kir3.4 [88] . This led to the current view that the These observations also explain the finding that mutanative K current results form a heterotetrameric comACh tions in either the minK or the KvLQT1 gene can cause the plex consisting of two GIRK1 (Kir3.1 ) and two GIRK4 congenital long QT syndrome [82] . Furthermore, hetero-(Kir3.4 ) subunits [89] . Native and reconstituted K ACh logous suppression ('knock-out') of minK leads to inner channels are activated directly by Gbg dimers [90] and the ear abnormalities and deafness as seen in the Jervellkinetics of the G-protein mediated transduction pathway Lange-Nielsen syndrome [83] , a rare disease in which the are modulated by RGS proteins (regulators of G protein congenital LQT syndrome is associated with deafness. In signaling) [91] . The K channel is inhibited by atrial ACh vivo suppression of minK has also revealed that minK stretch, a property conferred largely by the Kir3.4 subunit expression is largely restricted to the conduction system in [92] . Observations in Kir3.4 knock-out mice indicate that mice [84] . Other KvLQT1 related subunits have been K mediates approximately 50% of the negative chronot- as is the case for the other K channel subunits. The genomic structure of KvLQT1 reveals at least six exons pharmacology [94, 95] . current at negative potentials and set a stable resting potential. Upon depolarization this large conductance is Kp currents to control the plateau phase. Subunits from the A small and time-independent potassium conductance 2Tm-1P class, especially the Kir2.x family underlie this has been described in guinea-pig cardiac myocytes [36, 96] . current (Fig. 2) Interestingly, human Kv1.5 contains two repeats of a SH3 mV) at the end of the action potential contributes to the binding sequence. Direct interaction between Kv1.5 and diastolic depolarization and spontaneous pacemaking acSrc tyrosine kinase has been observed and Kv1.5 is tivity in the SA node [98] . Functional data indicated that tyrosine phosphorylated in human heart [103] . Thus, Kv1.5 cAMP directly modulates this current and enhances heart appears to be part of a signaling complex that would rates by shifting the activation of this current in the enhance channel phosphorylation after kinase activation.
1 depolarizing direction. As might be anticipated from its K channels can also be regulated at the transcriptional functional properties, the cloned channel belongs to the and / or translational level. Reduction of glucocorticoids family of cyclic nucleotide gated channels (CNGC) [99- decreased Kv1.5 mRNA and protein in rat ventricle, while 101]. At least five isoforms have already been described, injection of dexamethasone increased both more than 20-indicating the existence of another extended family of fold [104] . Interestingly, the effect was specific for ven6Tm-1P channel subunits. The expressed currents display tricular Kv1.5, since Kv1.4 and Kv2.1 mRNA levels were the major functional properties of the I /I current, includunchanged as was atrial Kv1.5 mRNA expression [104] .
h f ing modulation by cyclic nucleotides. Two interesting Similarly, thyroid hormone levels appear to alter channel biophysical questions are raised by the molecular structure expression, although it is not fully established whether this of these newly cloned channels.
represents a nuclear effect of thyroid hormone itself or First, a surprising problem is posed by its P-loop whether it is a secondary response to the increased heart signature. The native I /I current and its cloned counterrate due to autonomic effects of thyroid hormone YG amino acids of the signature GYG motif for Kcardiac disease: electrical remodelling selectivity. Yet, the newly cloned pacemaker channels are non-selective despite containing the full GYG motif. The
The HERG and KvLQT1 subunits were identified based 1 crystal structure of the bacterial S. Lividans K channel on the genetic study of patients with the congenital long suggests that the S5 / S6 segments act as a scaffold on QT syndrome and numerous mutations have been idenwhich the P-structure rests, and which keeps the carbonyl tified [82] . Incorporation of the abnormal subunits in the backbone of the GYG sequence at the critical distance to channel tetramer causes mostly a dominant negative effect.
1 act as a K -selective filter [21] . It is conceivable that the Severely disrupted subunits (e.g. truncations) may not scaffolding provided by the S5 and S6 segments in HCN associate with normal subunits at all leading to haploinsufchannels changes this geometry resulting in a loss of the ficiency [82] . In either case, the currents are typically 1 K -selectivity. reduced by 50% or more, leading to prolonged action Second, the channel opens upon hyperpolarization, a potentials predisposing to arrhythmias.
1
'funny' kinetic behavior and opposite to most 'regular' K While the long QT syndrome is a rare disorder, channels which are closed at the resting potential and open prolongation of APD is a consistent electrophysiological upon depolarization. However, the S4 sequences of the abnormality in myocardium and myocytes from hypercloned pacemaker subunits are strikingly similar to those trophied and failing hearts. The resulting delay of repolariof other voltage-gated channels with positive charged zation predisposes to early after-depolarizations and to residues at approximately every third position. Thus the S4 fatal arrhythmias [107] . It is now well established that segment should move outward upon depolarization in all repolarizing outward currents are reduced in human atrial these channels, but somehow results in an opposite gating and ventricular myocytes in a variety of pathological states pattern. Resolving this paradox of 'funny' activation may (for a detailed review see [108] ). Significant reduction of provide further insight in the linkage between S4 move-I and I was observed in myocytes from patients with K1 TO ment and activation gating in general. severe heart failure [109, 110] . Reduction of I is the most TO marked effect in the canine pacing-induced heart failure model [111] , and decreased expression of Kv4.2 and Kv4.3 1 4. Regulation of K channels mRNA was observed in the hypertrophied hearts of rats with renovascular hypertension [49] . Similarly, outward 4.1. Physiological regulation currents and Kv1.5 mRNA and protein are reduced in human atrial fibrillation [112] . Heart failure and atrial cal remodelling has important practical implications, espeReferences cially since these outward currents are the molecular target [1] K channels in the mammalian heart, and progress is architecture of the channels in the native environment.
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